
Polymer Journal, Vol. 35, No. 10, pp 766—777 (2003)

Structure and Mechanical Behavior of the Mesomorphic Form in a
Propylene-b-Poly(ethylene-co-propylene) Copolymer and

Its Comparison with Other Thermal Treatments

Javier ARRANZ-ANDRÉS, Rosario BENAVENTE, Ernesto PÉREZ, and Marı́a Luisa CERRADA†

Instituto de Ciencia y Tecnologı́a de Polı́meros (CSIC); Juan de la Cierva 3, 28006 Madrid, Spain

(Received April 21, 2003; Accepted August 15, 2003)

ABSTRACT: Several thermal treatments have been imposed along processing to a poly[propylene-b-(ethylene-co-
propylene)] and their effect on structure, thermal characterization and mechanical response has been explored. Quenching
in a dry ice/methanol bath after melting has allowed to obtain a mesomorphic form due to the existence of long isotactic
polypropylene (iPP) chains within the block copolymer here studied. An exhaustive analysis of such a mesophase has
been performed comparing its morphological details and mechanical properties with the rest of thermal treatments.
A microspherulitic superstructure is found in this mesomorphic form which leads to the lowest values in mechanical
parameters, such as storage and Young moduli as well as microhardness, compared to those exhibited by the other
specimens with distinct thermal histories. However, the ductility of the mesomorphic structure is the highest one, owed
to the non-existence of monoclinic crystallites. A phase transition is observed at around 90◦C on heating, which suggests
the transformation of this mesomorphic form to the monoclinic crystalline structure.
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The crystallization behavior of isotactic polypropy-
lene (iPP) is very complicated. The morphology and
properties after crystallization depend upon thermal
history and the detailed microstrucutre of the polymer
molecules. The iPP chains adopt a 31 helical confor-
mation when crystallized from the molten state. These
helical chains can organize into several different spatial
arrangements giving rise to three distinct polymorphs:
α-monoclinic, β-hexagonal, and γ-orthorhombic forms,
depending on the crystallization conditions and cata-
lyst used.1–13 Cooling from the melt at low or moderate
cooling rates leads usually to the formation of the ther-
modynamically stable α-monoclinic crystalline lattice,
being this α-form the most common one.

Moreover, there is also a “mesomorphic” phase,
which can be obtained by rapid quenching of molten
iPP. The appearance of two broad peaks in the X-ray
diffraction pattern is a characteristic of this quenched
form.14 The presence of broad, diffuse peaks in X-ray
diffraction tends to suggest that the quenched structure
is in a disorder state. These two peaks, however, ex-
hibit an intermediate width between the crystal diffrac-
tions and the pattern found for a completely amorphous
polypropylene.15 Natta and Corradini1 first pointed out
that this form had an intermediate degree of ordering
between the amorphous phase and the crystalline phase.
They categorized it as smectic to indicate the pres-
ence of two-dimensional ordering, being better in lon-
gitudinal than in transverse chain direction.16 However,
the full evidence for the smectic phase in iPP has not

been documented. The description of the mesophase
can be quite confusing in the literature. In addition
to the smectic phase,1, 17 other investigators described
the mesomorphic phase as paracrystalline,18, 19 micro-
crystallites,20–23 and nano-crystallites.24 The term con-
formationally disordered crystal (condis crystal)25 has
been suggested to be more appropriate for the iPP me-
somorphic form, based on its frozen liquid-like struc-
ture.

The physical properties exhibited by a given iPP
are, consequently, dependent on the thermal history
imposed, as aforementioned. Its numerous industrial
applications require a severe control of its mechani-
cal behavior. Stiffness and toughness are two of the
most important parameters with a great practical im-
portance, but both mechanical parameters are generally
inversely proportional to each other in pure polymer,
being primarily affected by the glass transition tem-
perature (Tg). The Tg of iPP is about 0 ◦C depending
on variables such as crystallinity, crystal morphology,
molecular weight, and level of isotacticity. Accord-
ingly, an insufficient low-temperature impact strength
is exhibited at low temperature by this homopolymer.
To enhance the iPP impact properties, its combina-
tion with various types of elastomers has gained much
attention in recent years because of its commented
great industrial and commercial importance. Accord-
ingly, blends of iPP with poly(ethylene-co-propylene)
(EPR), ethylene–propylene–diene terpolymer rubber
(EPDM), poly(styrene-co-butadiene-co-styrene) (SBS)
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Table I. Sample characteristics of the commercial materials analyzeda

Sample
Isotacticity

Mn Mw Mw/ Mn
ethylene content MFIb

(%mmmm) (mol%) (g/10 min)
CPE — 77600 371300 4.8 13 7.0
iPP 91.8 87200 349000 4.0 0 8.5

aData supplied by the manufacturers. b230 ◦C and 2.16 kg.

and poly(ethylene-co-vinyl acetate) (EVA) have been
extensively analyzed26–35 and several mechanisms of
impact toughening have been proposed. In addition,
the copolymerization of iPP with EPR, instead of their
mixing, has been also explored and considered as an
effective way to attain high-impact iPP.36, 37

Thermal treatment is primarily responsible for the
development of a particular structure in an iPP ho-
mopolymer and, by extrapolation, for the properties ex-
hibited. However, it is not very common in the liter-
ature to find a detailed study of the crystalline struc-
ture and properties together, being considerably more
scarce the papers related, even exclusively, to the prop-
erties presented by the mesomorphic iPP. Therefore, the
aim of the current work is to analyze comprehensively
the effect of thermal history on the structure (WAXS,
SAXS, optical microscopy, and SALS), thermal prop-
erties (DSC), viscoelastic behavior (DMTA) and me-
chanical response (uniaxial stretching and microhard-
ness measurements) in a commercial polypropylene-b-
EPR copolymer, labelled as CPE. Due to the existence
of long blocks of iPP within the copolymer, the ability
of developing a mesomorphic form is explored exam-
ining its properties. A comparison is established with
the other different structures, obtained by changing the
crystallization conditions, and their respective proper-
ties.

EXPERIMENTAL

A commercially available Ziegler–Natta catalyzed
propylene-b-(ethylene-co-propylene) copolymer, sup-
plied by Repsol YPF (Spain), has been analyzed in the
current paper. The CPE copolymer has been obtained
as follows: in a first reactor an isotactic polypropy-
lene homopolymer is formed. Then, the polymeriza-
tion continues in a second reactor where propylene and
ethylene are fed. Therefore, a multiphasic copolymer is
obtained, composed of blocks of iPP and an amorphous
random ethylene-propylene copolymer (EPR), its com-
position being 14.1 wt% in EPR. On the other hand, the
EPR component has a particular weight ratio of 65/35
ethylene/propylene. Consequently, the overall amount
of ethylene is 13 mol% (9.1 wt%) both with respect to
the whole CPE sample, as reported in Table I together
with other characteristics of this copolymer.

A commercial iPP homopolymer has been also used
for comparative purposes (see characteristics in Ta-
ble I).

Films were obtained by compression molding in a
Collin press between hot plates (210◦C) at a pressure
of 2 MPa for 4 min. Different thermal treatments were
applied along crystallization. The first thermal history
consisted of a cooling by immersion of the molten film
inside the hot plates within a liquid nitrogen bath, la-
beled as QN. In the second treatment, Q, a fast cooling
between plates refrigerated with water was provided to
the film after its melting in the press. Finally, the S
films were slowly cooled from the melt at the inherent
rate of the press after switching off the power. More-
over, Q and S films were molded between two distinct
types of plates: steel and teflon. Therefore, two slightly
different thermal histories were attained for a given
treatment, labeled as Qs, Qt, Ss, and St respectively,
due to the quite different thermal conductivity exhib-
ited by the plate materials. Moreover, another sample
was prepared by melting a film of CPE in a Mettler hot
stage (over a thin teflon plate) and quenching the whole
set into a mixture of dry ice/methanol. This specimen
will be named as QCO2. Consequently, six different
thermal histories were attained: CPEQCO2, CPEQN,
CPEQs, CPEQt, CPESs, and CPESt. On the other
hand, the iPP homopolymer film was also compressed
under identical temperature, pressure and time condi-
tions and cooled between teflon plates refrigerated with
water: sample iPPQt.

Wide-angle X-ray diffraction patterns were recorded
in the reflection mode at room temperature by using a
Philips diffractometer with a Geiger counter connected
to a computer. Ni-filtered Cu-Kα radiation was used.
The diffraction scans were collected over a period of
20 min in the range of 2 θ values from 3 to 43 de-
grees, using a sampling rate of 1 Hz. The goniometer
was calibrated with a silicon standard which was also
used to determine the instrumental broadening under
current experimental set-up. X-Ray crystallinity deter-
minations were performed by subtraction of the corre-
sponding amorphous component comparing to the to-
tally amorphous profile of an elastomeric PP sample.15

The samples were also studied by small-angle X-ray
scattering employing synchrotron radiation (with λ =
0.150 nm) in the beamline A2 at HASYLAB (Ham-
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burg, Germany) at room temperature and at a distance
of 235 cm from sample to detector. The calibration was
performed with the different orders of the long spacing
of rat-tail cornea (L = 65 nm). The set-up was found to
cover a spacings range from 5 to 55 nm.

An optical microscope (Amplival model from Carl
Zeiss Jena) was used for the morphology studies.
The samples were placed between glass slides, melted
above the melting point, quenched down at a given
crystallization rate desired and, then, the structure was
examined at room temperature under crossed polariz-
ers.

Small angle light scattering (SALS) measurements
have been performed in a similar equipment to that de-
scribed previously38 utilizing a Spectra Physics He–Ne
laser source of 0.95 mW, which provided a polarized
light beam with minimum divergence. The average size
for the spherulites has been estimated by using the fol-
lowing equation

R =
Umax × λ

4π × sin (θmax/2)
(1)

where λ = 632.8 nm is the wavelength of the laser light,
Umax = 4.1 is the sphere shape factor for a four-lobe pat-
tern at the maximum intensity and θmax is the maximum
scattered angle. The scattering patterns were recorded
in a JVC/SVHS625 VCR.

The thermal properties were carried out in a
PerkinElmer DSC-7 calorimeter connected to a cool-
ing system and calibrated with different standards. The
sample weight ranged from 4 to 6 mg. The heating rate
used was 20 ◦C min−1. For crystallinity determinations,
a value of 209 J g−1 has been taken as the enthalpy of
fusion of the perfect α modification of iPP.39

Viscoelastic properties were measured with a Poly-
mer Laboratories MK II dynamic mechanical thermal
analyzer, working in a tensile mode. The temperature
dependence of the storage modulus, E′, loss modu-
lus, E′′, and loss tangent, tan δ, was measured at 1,
3, 10, and 30 Hz over a temperature range from −150
to 150 ◦C at a heating rate of 1.5◦C min−1. The speci-
mens used were rectangular strips 2.2 mm wide, around
0.17 mm thick and over 15 mm long. The apparent
activation energy values were calculated according to
an Arrhenius-type equation, employing an accuracy of
±1◦C in the temperature assignment of E′′ maxima.
The frequency dependence with temperature in the re-
laxation mechanisms associated to the glass transition
has been also considered to follow an Arrhenius behav-
ior though it is due to cooperative motions.40 This ap-
proximation can be made without a significant error,
since the analyzed frequencies are low enough to be fit-
ted to such a linear behavior just mentioned.

Stress–strain measurements were performed with an
Instron Universal testing machine calibrated according
to standard procedures and equipped with a load cell
and an integrated digital display that provided force de-
terminations. Dumb-bell shaped specimens with gauge
dimensions 15 mm in length and 1.9 mm in width were
punched out from the sheets with a standardized die.
All of the specimens were drawn at a crosshead speed
of 10 mm min−1 at room temperature. Young’s modu-
lus (E), yield stress (σy), elongation at break (εB) and
toughness were determined from the nominal stress–
strain measurements. At least four specimens were
tested for each material and the mean values were re-
ported. The error in the mean values was less than 6%
except for the elongation at break and toughness es-
timations, these being considerably higher due to the
greater inherent data scattering in the determination of
these two magnitudes.

A Vickers indentor attached to a Leitz microhardness
tester was used to carry out microindentation measure-
ments. Experiments were undertaken at room tempera-
ture (23 ◦C). A contact load of 0.98 N and a contact time
of 25 s were employed. Microhardness, MH, values (in
MPa) were calculated according to the relationship:41

MH = 2 sin 68◦ P/d2 (2)

where P (in N) is the contact load and d (in mm) is the
diagonal length of the projected indentation area.

RESULTS AND DISCUSSION

Structural Characterization
Figure 1 shows the diffraction patterns for CPE-

QCO2, CPESs, CPEQt, and an iPP of similar molecular
weight used by comparative reason. The crystallization
conditions imposed to iPP lead to the common mono-
clinic crystal lattice typical in this polymer synthesized
with a conventional catalyst. Thus five main diffrac-
tions are obtained, corresponding to the (110), (040),
(130), (111), and (041, 131) reflections of the αmodifi-
cation of iPP.42 Blocks of iPP and EPR are coexisting in
CPE. Since the former ones are long enough, the crys-
tallization of those blocks occur. On the other hand,
the EPR blocks do not contribute to the diffractions
since they are an amorphous component exclusively in-
corporated by enhancing mechanical properties at low
temperature. Moreover, the EPR blocks seem not to
disturb the subsequent crystal lattice probably because
of the long iPP chains in the CPE blocks. Therefore,
the structure developed in CPE is quite similar to that
exhibited by an iPP homopolymer, i.e., the crystalline
diffractions of the α modification are clearly observed,
while no sign of the γ modification is obtained under
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θ
Figure 1. X-Ray diffraction patterns of CPESs, CPEQt, and
CPEQCO2 at room temperature. An iPP X-ray diffractogram has
been also included for comparison reason.

any of the thermal treatments. The slowly cooled speci-
mens (CPESs and CPESt) lead to more perfect crystals,
so that their diffraction peaks are narrower. This can be
specially noticed by the better resolution between the
(111) and (041, 131) diffractions. As cooling is getting
faster (CPEQa and CPEQN, and also iPP), the diffrac-
tions are broadened and the resolution between the two
mentioned diffractions is worse.

In contrast, sample CPEQCO2 displays a well-
differentiated diffraction pattern, which is similar to the
characteristic mesomorphic form encountered in iPPs14

and two peaks are exhibited. The appearance of these
two broad and diffuse peaks tends to suggest that the
structure is disordered. However, if we compare this
pattern with that corresponding to a completely amor-
phous polypropylene,15 shown in the upper part of Fig-
ure 2, we can see that the width of the diffractions corre-
sponding to the mesomorphic modification is interme-
diate between those of the α crystals and the amorphous
polymer. The absence of sharp reflections must be due
to the great broadening of the diffraction lines, owed
to a very small crystal size and/or a high concentration
of crystalline defects, which eliminate the internal sym-
metry in this mesomorphic form.43 Chains in the meso-
morphic form have undergone the same conformational
ordering than during the monoclinic lattice formation
but the packing of helices is not as well formed as in
the α crystalline phase as revealed infrared spectra.17

d

Figure 2. The amorphous halo of an atactic polypropylene,14

the non-amorphous component for CPEQCO2 and the crystalline
contributions for CPEQN, CPEQs, and CPESs.

The crystallinity from the X-ray diffratograms for the
different thermal histories can be assessed by subtract-
ing the corresponding pattern of the amorphous com-
ponent. We have found that the WAXS patterns corre-
sponding to the molten CPE and reference iPP samples
(acquired at 185 ◦C) are practically coincident (within
the experimental error). Moreover, these patterns are
very similar to that observed for a totally amorphous
atactic polypropylene, aPP, represented in the upper
curve of Figure 2, the difference being attributed to the
temperature variation. For these reasons, we have es-
timated the crystallinity of the different samples here
studied by subtracting the corresponding amount of that
aPP sample. Accordingly, the pure “crystalline” pro-
files so obtained are presented in Figure 2. It has to
be mentioned that these profiles should correspond to
the pure crystalline α phase only in the case of the
slowly cooled or moderately quenched samples, since
when the quenching is more effective, significant pro-
portions of mesomorphic modification are obtained.
Consequently, the profile for sample CPEQCO2 cor-
responds to the pure mesomorphic phase (with a con-
siderable error, owing to the uncertainty arising from
the diffractions of the mesomorphic modification being
rather wide), while that for sample CPEQN includes
mostly α crystals but also some mesomorphic contri-
bution, which can be estimated by comparison with
the pure mesomorphic profile. The corresponding val-
ues, obtained by this procedure, for the mesomorphic
and α-crystals contents are presented in Table II. From
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Table II. Mesomorphic content and crystallinity estimated by WAXS and size
of crystal calculated by WAXS and SAXS

Specimen fmeso f α form
c ftotal ordered lc

(110)(nm) lc (nm)
CPEQCO2 0.30 0 0.30 3.6 2.7
CEPQN 0.18 0.27 0.45 12.5 6.6
CEPQs — 0.57 0.57 15.6 7.2
CEPQt — 0.59 0.59 15.4 8.0
CEPSs — 0.64 0.64 17.5 11.5
CEPSt — 0.67 0.67 16.4 12.5
iPPQt — 0.61 0.61 14.1 8.1

these values, it is evident that crystallinity (or the total
amount of “ordered” structures: mesomorphic plus α-
crystals) decreases rather appreciably as cooling rate is
increased.

At this point, we have to comment on the worse
quenching ability found in sample CPEQN in relation
to sample CPEQCO2. As mentioned in the Experi-
mental part, CPEQN specimen was obtained by im-
mersing the press hot plates into liquid nitrogen. The
considerable evolution of nitrogen gas and the not per-
fect contact between the polymer and liquid nitrogen
seems to be responsible for the relatively low quench-
ing ability exhibited by this specimen. In contrast,
CPEQCO2 specimen was attained by a direct immer-
sion of the molten polymer over a thin teflon film into
dry ice/methanol. The closer contact between polymer
and coolant leads to a much better quenching ability,
in spite of the temperature within this latest bath being
higher than in the case of liquid nitrogen one.

As commented above, the better resolved diffractions
suggest a better ordering, and, consequently, longer
crystallites in the slow cooled specimens. These fea-
tures have been confirmed by estimation of the size of
the crystallites by either WAXS or SAXS. The (110)
diffraction has been utilized in the WAXS pattern for
the calculation, by using the Scherrer equation,43 of the
crystal size in the (110) direction, lc110, after correction
for the instrumental broadening (see experimental part).
On the other hand, the crystallite size in the direction
normal to the lamellae, lc, has been estimated from the
Lorentz-corrected long spacing, L, and the total crys-
tallinity of the sample by assuming a simple two-phase
model. The results for lc110 and lc are displayed in Ta-
ble II. It can be observed that crystallites are smaller
as crystallization rate is enlarged since a fast cooling
limits development of the crystalline entities.

To get a deeper insight about the morphological de-
tails of the different crystalline structures developed,
optical microscopy has been used. Figure 3 shows the
optical micrographs for the different thermal treatments
analyzed. The upper left picture, related to a slowly
cooled specimen exhibits a typical crosshatched mor-

Figure 3. Morphological details at room temperature by op-
tical microscopy under crossed polarizers in CPE: slowly cooled
(upper left photo and a total width of the photograph frame of
1125 µm); quenched at 40 ◦C min−1 (upper right photo and a to-
tal width of the photograph frame of 563 µm); quenched at around
100 ◦C min−1 (lower left photo and a total width of the photograph
frame of 563 µm) and mesomorphic specimen (lower right photo
and a total width of the photograph frame of 563 µm. Total width
of bottom inset frame of 1125 µm).

phology of well-grown lamellae with spherical symme-
try and highly birefringent. As cooling rate increases,
as seen in the upper right picture for a quenched speci-
men at 40 ◦C min−1, the change in the morphology of
crystalline entities is quite substantial becoming less
defined and significantly smaller confirming the results
obtained from WAXS and SAXS. Faster crystallization
(lower left picture) leads to observe only a mass of crys-
talline clots with a further reduction of their size due to
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the even lower organization time of the polymer chain
to develop greater and more perfect structures. Con-
cerning the morphology observed in the mesomorphic
form, no consensus has been reached as commented in
the Introduction. The CPEQCO2 under study exhibits
a superstructure of a very small size being composed
of spherulites, as depicted in the lower right picture of
Figure 3. A black background is observed since exclu-
sively the superficial layer is shown in that photo be-
cause of the microscope objective used. To increase the
resolution of that picture other photo has been taken
with a smaller objective, as displayed in the bottom in-
set. This shows that the whole volume of CPEQCO2
is completely full of these small spherulites. To con-
firm the existence of this infinitesimal spherulitic mor-
phology, a SALS analysis was performed. Such an
analysis provides information about large fluctuations
in density and orientation and, accordingly, about the
size and the perfection of the structures.44 A dispersion
diagram Hv with a four-leaf clover symmetry was at-
tained. The average size estimated for the spherulites
by polarized light microscopy was 4–9 µm of radius
while it was 3–4 µm by SALS measurements. In ad-
dition, the crystallite-like size estimated from SAXS
measurements is 2.7 nm being this result in agreement
with those previously found that postulated the exis-
tence of nano-crystallites.24

Thermal Characterization
Figure 4 shows DSC melting curves of the different

samples. Different thermal transitions are observed de-
pending upon the history provided along the prepara-
tion of the specimens. In CPESs, CPESt, CPEQs, and
CPEQt three endotherms are seen along the first melt-
ing: a small step around 40◦C, followed by a small en-
dothermic peak at about 120◦C and a sharp endotherm
centered at approximately 164◦C. The former transi-
tion is associated with the melting of the crystallites
annealed during the stay, after film preparation, of the
material at room temperature.45, 46 This annealing peak
usually appears at 15–20◦C above the annealing tem-
perature and disappears in the second heating scan. Its
intensity is dependent upon the thermal history, being
smaller in the slowly cooled specimens (CPESs and
CPESt) than in the faster ones (CPEQs and CPEQt). In
the S samples there are less crystallites that can be im-
proved due to the annealing effect at room temperature
since such crystallites are larger, more perfect and com-
pact than those obtained by quenching (Table II). The
small endothermic transition occurring at intermediate
temperatures (120 ◦C) is assigned to the melting of the
EPR blocks. Such blocks provide the elastomeric com-
ponent to the block CPE copolymer but they seems to

T

Figure 4. DSC melting curves for the different samples along
first melting.

be not fully amorphous, though the enthalpy involved
is quite small. Finally, the main endotherm is related to
the melting of the long iPP blocks and is really formed
by an overlapping of two peaks, as occurred in most
iPPs. The existence of these two maxima depends on
the thermal treatment imposed to the specimen during
its preparation and if the crystallite formation is not
rather perfect some subsequent morphological changes
in the crystallite are manifested during the melting pro-
cess providing a higher perfection to the crystalline
structure. The behaviors of the CPE and iPP samples
here studied are rather similar, and the two peaks can-
not be due to two different crystalline modifications,
since only the α form has been obtained in all the cases
(except in the efficiently quenched samples, where the
mesomorphic form is attained). Therefore, a melting-
recrystallization-melting process is responsible for the
occurrence of two peaks, which relative intensities are
dependent either upon the heating rate or the initial
crystallization conditions. The melting temperature is
slightly higher in the slow cooled specimens. At lower
cooling rates, the crystal thickening occurs leading to
more perfect crystals due to longer times for reorgani-
zation within crystals. Moreover, the glass transition
temperature, Tg, within the iPP blocks is observed at
around −5 ◦C as listed in Table III.

On the other hand, the thermal behavior in CPE-
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Table III. DSC values of the glass transition and melting
temperatures, melting enthalpies and apparent calorimetric

crystallinities for the iPP blocks in specimens with the
different thermal treatmentsa

Sample Tg (◦C) Tm (◦C) ∆HiPP (J g−1) fc
iPP

CPEQCO2 −6 161 68 0.32
CPEQN −6 161 78 0.37
CPEQs −5 165 89 0.42
CPEQt −6 164 90 0.43
CPESs −5 165 105 0.50
CPESt −5 165 103 0.49

aEstimated errors: temperatures ± 1◦C; enthalpies
± 4 J g−1; crystallinity ± 0.05.

QCO2 and CPEQN is more complex, since these spec-
imens exhibit an additional small endotherm followed
by a small exotherm. This small endothermic peak
(around 40–60 ◦C) is assigned to the chain reorganiza-
tion (or “melting”) process in the mesomorphic phase
whereas the exothermic event (at about 60–120◦C)
is ascribed to the crystallization process to develop
the α-monoclinic crystallites. These two additional
transitions are much more intense in CPEQCO2 than
in CPEQN since the former is totally mesomorphic
whereas in the latest specimen there is coexistence of
a small fraction of mesomorphic form and monoclinic
crystallites, as detailed in Table II.

The apparent crystallinity based on the enthalpy in-
volved along the main melting process was also as-
sessed for the different specimens (see Table III). How-
ever, and considering the results mentioned above, the
enthalpy of the final main melting peak is not a reli-
able measurement of the “initial” crystallinity of the
sample in those specimens most efficiently quenched,
where a substantial amount of mesomorphic modifica-
tion is obtained, which recrystallizes on melting into
the α crystals. On the contrary, the values for the sam-
ples slowly cooled or moderately quenched are reliable.
The corresponding DSC crystallinities are significantly
lower than the values deduced from the X-ray diffrac-
tograms, as usual. Moreover, a clear decrease of the
crystallinity is found on passing from the slowly cooled
to the quenched samples, indicating the important ef-
fect of the crystallization conditions.

Viscoelastic Behavior
Figure 5 shows the viscoelastic response at 3 Hz for

the different specimens with the distinct thermal treat-
ments applied to CPE, and an iPP for comparative rea-
sons. Due to the fact that CPE is a block copolymer,
a combination of relaxation processes observed in both
of the two blocks, iPP and EPR, is exhibited. Therefore,
four different relaxations are shown in CPESs, CPESt,
CPEQs, CPEQt, and CPEQN. Two of these mecha-

E
E

T

δ

γ

α

β β

Figure 5. Temperature dependence of the either storage mod-
ulus (E′) or loss modulus (E′′) and of the loss tangent for the dif-
ferent specimens under study. From top to bottom in tan δ and
E′′ plots: �; CPEQCO2, ©; CPEQs, �; CPEQt, �; CPEQN, �;
CPESs, �; CPESt, and •; iPP. Note that absolute values are dis-
played for E′, while in the case of tan δ and E′′ the curves have
being shifted vertically for the clarity of the presentation.

nisms come from the EPR component (being those at
the lowest temperatures and labeled γEPR and βEPR) and
other two processes arise from the iPP blocks within
the structure of CPE, which are named as βiPP and αiPP

in order of increasing temperatures. Moreover, an ad-
ditional relaxation process, located between βiPP and
αiPP, is exhibited by CPEQCO2. In addition to the
distinct relaxations, a clear dependence of the storage
modulus, E′, with the thermal treatment is also ob-
served in Figure 5. The relationship of E′ and stiff-
ness causes the variation of the former magnitude as
structural variables increase the whole rigidity. Crys-
tallinity and crystallite size are two of the most im-
portant structural variables that affect the values of E′.
Consequently, CPESt and CPESs exhibit the highest E′
since both the amount and the size of crystallites are
the highest for these two thermal treatments. Follow-
ing this thinking, it could be expected that quenched
specimens, CPEQt, and CPEQs respectively, show in-
termediate E′ values, lower than those found in the
slowly cooled specimens but higher that CPEQN. How-
ever, E′ for CPEQs and CPEQN presents similar values
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Table IV. Relaxation temperatures, in E′′ basis at 3 Hz, and activation energies for the different
relaxation processes in the different specimens under study

Specimen
T (◦C) ∆H (kJ mol−1)

Tγ EPR TβEPR Tβ iPP Tα iPP ∆Hγ EPR ∆HβEPR ∆Hβ iPP ∆Hα iPP

CPEQCO2 −117 −54 7 83 90 200 >400 300
CPEQs −118 −56 2 50 85 220 >400 140
CPEQt −120 −54 1 54 70 260 >400 130
CPEQN −118 −54 0 58 85 220 >400 130
CPESs −121 −53 −1 67 70 240 >400 130
CPESt −125 −54 −3 77 55 210 >400 160
iPPQt — — 5 62 — — >400 110

and slightly higher than in CPEQt. In addition to the
commented structural variables that enhance the stiff-
ness, the residual stresses developed along film prepa-
ration are also playing a significant role. Those inter-
nal stresses become more significant as cooling rate is
increased. Therefore, at initial experimental temper-
ature, E′ value is slightly higher in CPEQs than that
found in CPEQt though the crystallinity and cristallite
size are smaller for the former thermal history. More-
over, E′ is quite similar in CPEQN than the correspond-
ing one in CPEQs being even greater the structural
differences than those displayed between CPEQt and
CPEQs. CPEQCO2 shows the lower stiffness along the
whole temperature range examined due to its mesomor-
phic character.

Regarding the different relaxation processes ob-
served, they are analyzed separately, as follows, in or-
der of increasing temperatures.
γEPR Relaxation. The γEPR relaxation is associated

to the motion of three or more methylenic units within
the EPR blocks and is related to the observed γ relax-
ation in polyethylene, which was firstly attributed to
crankshaft movements of polymethylenic chains,47 and
currently, there is a body of opinions that support one or
more of the models for restricted conformational tran-
sitions as kink formation, inversion and migration.48–53

In the specimens under study is seen that this relax-
ation is shifted to lower temperatures as crystallinity
and crystallite size are raised. Larger crystallites seem
to impose less motion restrictions to the amorphous
phase where this process takes place, as listed in Ta-
ble IV. In CPEQCO2, the mesomorphic phase consist-
ing of small spherulitic entities can be considered as be-
ing formed by many physical crosslinks and, therefore,
hinders the mobility of the mentioned methylenic units.
Such a hindrance is also pointed out by the diminish-
ment of the intensity and the broadening of the relax-
ation time distribution of this relaxation in CPEQCO2
in comparison with the rest of thermal treatments.
βEPR Relaxation. The βEPR relaxation is associ-

ated with cooperative motions within the EPR amor-

phous component54 in the CPE. This mechanism is not
very dependent on the thermal history imposed on the
CPE block copolymer either in its location or intensity
(Table IV and Figure 5). The cooperative motion of
long segments within the elastomeric EPR component
seems to be, however, more prevented in CPEQCO2
than in the rest of specimens and, accordingly, the in-
tensity of this βEPR process is the lowest and its relax-
ation time distribution is the broadest. The apparent
activation energy estimated agrees in values with that
found in similar flexible polymers.55, 56

The appearance of the two βEPR and βiPP relaxations
associated both with cooperative motions, the former
one within the EPR blocks, as just mentioned, and the
latest process within the iPP component indicates phase
separation within this CPE block copolymer, indepen-
dently of the thermal treatment.
βiPP Relaxation. The βiPP process has been identi-

fied with the mechanism associated to the glass transi-
tion temperature of the amorphous regions within iPP
blocks similarly to the relaxation appearing at the same
temperature range in iPP homopolymers.39 Similarly to
the γEPR relaxation, the effect of thermal treatment on
this process is significant and its maximum is moved
to higher temperatures as crystallinity and crystallite
size are diminished. Larger crystallites seem to impose
less motion restrictions to the cooperative motion along
iPP amorphous phase, as reported in Table IV. Conse-
quently, CPEQCO2 exhibits its maximum shifted at the
highest temperature. Moreover, the relaxation time dis-
tribution involved in this mechanism for CPEQCO2 is
considerably much broader than for specimens with the
other thermal histories. On the one hand, the higher
hindrance imposed by its intrinsic morphology and, on
the other hand, the overlapping of this process with an
additional relaxation, which exclusively takes place in
CPEQCO2 at around 45 ◦C on tan δ plot (see Figure 5),
are responsible for such a broadening. The motion of
those spherulitic entities allocated all along the meso-
morphic phase probably causes this extra relaxation.
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Figure 6. Stress–strain curves for the different samples stret-
ched at room temperature and 10 mm min−1.

αiPP Relaxation. The αiPP relaxation exhibited by
specimens with the different thermal treatment is as-
signed to movements within the monoclinic crystallites,
analogously to the relaxation occurring in an iPP ho-
mopolymer at the same temperature range. The effect
of the thermal history on its location has been reported
for iPP.39 A shift to higher temperatures is observed as
crystallinity and crystal size increase. This tendency is
altered for CPEQCO2. Initially, there are not mono-
clinic crystallites in this specimen. However, they are
obtained from the mesomorphic form after the phase
transformation in the 65 to 85◦C temperature range.
Consequently, the motion of the monoclinic crystal-
lites can take place after their formation and the αiPP

relaxation start to occur at around 75◦C, i.e., it is sig-
nificantly shifted to higher temperatures. In the case
of CPEQN, there are a fraction of mesomorphic en-
tities but the ordered structure is mainly due to mon-
oclinic crystals and, therefore, this relaxation process
starts at temperatures close to those observed in CPEQs
and CPEQt.

Mechanical Response
Stress–Strain Behavior. Figure 6 shows the stress–

strain curves of different CPE specimens stretched at
room temperature and at strain rate of 10 mm min−1.
Young modulus (E), yield stress (σY), and toughness
are determined from those curves and their values re-

E

E

E

Figure 7. Relationship between MH and Young’s modulus.

ported in Table V. All these mechanical parameters in-
vestigated are dependent on thermal treatment. The
higher crystallinity and the more compact and largest
crystallites developed in the slowly cooled specimens
introduce a higher rigidity. Therefore, on the one hand,
the modulus and yield stress for specimens with this
thermal history are the highest ones and, on the other
hand, the elongation at break significantly diminishes
comparing with the other treatments (see Figure 6). Re-
garding CPEQN specimen, it can be observed in Ta-
ble V and Figure 7 that its mechanical parameters show
values unexpected taking into account exclusively its
morphological characteristics. For instance, a higher
value is obtained for the Young modulus and a lower
one for the deformation at break in relation to CPEQs
and CPEQt samples. Our tentative explanation is that
the residual stresses introduced along processing pro-
voke this unexpected behavior.

The typical cold deformation process is only exhib-
ited in CPEQs and CPEQCO2 though the neck propa-
gation is quite irregular in both of them. The morpho-
logical differences, monoclinic crystallites in the for-
mer specimen and mesomorphic form in the latest one,
significantly affect the value of Young modulus, which
is related to the stiffness, pointing out the diminishment
of the rigidity within CPEQCO2. The yield stress is
also considerably decreased in the mesomorphic sam-
ple. A common feature of all the specimens is their
whitening as they are stretched. This opacity points
out the formation of microvoids57 during the deforma-
tion process, which is also significantly dependent on
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Table V. Mechanical parameters of the different specimens analyzed at 21◦C and stretched at 10 mm min−1:
Young’s modulus, E; yield stress, σY; deformation at break, εB; toughness, T ; microhardness, MH.

Specimen E (MPa) σY(MPa) εB(%) T (KJ m−2) MH (MPa)
CPEQCO2 530 14 650 1400 22
CPEQs 930 22 500 1500 60
CPEQt 1100 21 350 1200 64
CPEQN 1150 22 120 360 64
CPESs 1450 24 16 50 68
CPESt 1200 — 3 10 74

thermal treatment imposed to CPE copolymer. Slowly
cooled samples become white just when the drawing
process starts. CPEQt, CPEQs, CPEQN whiten around
yield stress takes place whereas the whitening is ob-
served in CPEQCO2 along the necking propagation.

Toughness is other important mechanical property.
Its concept might be defined in several ways, one of
which is in terms of the area under the stress–strain
curve.58 Toughness is, therefore, an indication of the
energy that a material can absorb before breaking.
Moreover, a significant dependence upon thermal treat-
ment is expected due to the distinct morphology de-
veloped. Accordingly, CPEQCO2 and CPEQs are the
tougher specimens (Table V). Though CPEQCO2 is
the specimen with the largest deformation at break and
strain-hardening process starts at lower deformation
values, its less stress level compared to CPEQs is re-
sponsible of its slightly smaller toughness.

Microhardness Measurements. MH is other signif-
icant mechanical magnitude in polymers, which mea-
sures the resistance of the material to plastic defor-
mation and, accordingly, provides an idea about local
strain. MH involves a complex combination of proper-
ties (elastic modulus, yield strength, strain hardening,
toughness). Its dependency upon thermal treatment is
quite analogous to that observed for Young modulus in
CPE block copolymer under study, as detailed in Ta-
ble V. A direct relationship is commonly found between
the Young’s modulus and MH40 and the following em-
pirical equation has been proposed:

MH = a Eb (3)

where a and b are constants. This equation is also ful-
filled by many systems56, 59, 60 in a very broad range
of MH and E values: from thermoplastic elastomers
to very rigid polymers. Figure 7 show a good linear
relationship between MH and either E or E′ in those
specimens with monoclinic crystalline structure. CPE-
QCO2 does follow that linearity though is located at
lower values due to its mesomorphic morphology at
room temperature. On the other hand, the relationship
between microhardness and total crystallinity (meso-
morphic plus α crystals fraction), ftotal ordered, and crys-

MH

f
l

cl

cl

Figure 8. Relationships between X-ray crystallite size, lc, (up-
per plot) and total crystallinity, ftotal ordered, (lower plot) with micro-
hardness in the different specimens.

tal size, lc, have been represented in Figure 8 since they
are two very significant structural parameters that affect
rigidity and, consequently, microhardness. The differ-
ence in morphological details is again pointed out and,
accordingly, CPEQCO2 exhibits the lowest values.

CONCLUSIONS

A microespherulitic superstructure is found in the
mesomorphic form which leads to the lowest values in
mechanical parameters, such as either storage or loss
moduli as well as microhardness, compared to those
exhibited by the other specimens with distinct thermal
histories. However, the ductility of this mesomorphic
structure is the highest one, owed to the non-existence
of monoclinic crystallites. A phase transition is ob-
served at around 90◦C on heating, which suggests the
transformation of this mesomorphic form to the mono-
clinic crystalline structure.
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